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Understanding of the mechanisms behind electrocrystallization in glassy electrolytes has been the subject of
permanent research. For lead oxyﬂuoroborate glasses, evidence exists that this phenomenon involves redox-
type electrochemical reactions that develop at the glass–electrode interfaces, promoting β-PbF2 crystallites
nucleation. Here, especially, the form by which these glasses dielectrically act in response to the electric ﬁeld
in the stage preceding crystallization incidence was investigated through applying electrochemical impedance
spectroscopy and polarization/depolarization current techniques. This study shows that formation of space-
charge regions, which reveal a peculiar dynamics and should incorporate the electroactive species susceptible
to redox reactions, is the very ﬁrst detectable reaction of these glasses during evolution to electrocrystallization.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Glassymaterials have been so far extensively investigated from both
the fundamental and application viewpoints [1,2]. An important topic
into the research ﬁeld of glasses is that of crystallization and the condi-
tions underwhich it manifests. In this way, crystallization development
in lead oxyﬂuoroborate glasses (BO1.5–PbO–PbF2), when subjected to
electric ﬁeld action, has been treated in recent works [3–5]. Different
from spontaneous crystallization, these singular crystallization events
manifest even at temperatures relatively far below the glass transition
one (Tg), where crystallization phenomena are essentially unlikely
under usual conditions [1,2]. Solid evidence has been given that, in
the case of lead oxyﬂuoroborate glasses, these non-spontaneous
phenomena involve electric ﬁeld-induced redox-type electrochemical
reactions that develop at both the cathode and anode electrodes, result-
ing in β-PbF2 crystallization ﬁnally toward the cathode side [4,5]. In
other words, the phenomena must be in this case classiﬁed as arising
from solid-state electrolytic processes in nature.
To get further insights into this issue, the present studywas aimed at
investigating how these glasses dielectrically act in response to the elec-
tric ﬁeld in the stage preceding crystallization occurrence. Different
from commondielectric research on glasses, the experimental approach
considered here involved not only frequency- but also time-domain
measurements, both of which are complementary procedures into the
so-called dielectric spectroscopy technique. The results give strong
evidence of formation of dynamic space-charge regions in these glasses
close to the glass–electrode interfaces, this scenario representing the
embryonic-like state of thewhole electrochemical cell during evolution
of the glasses to electrocrystallization.
2. Experimental
This work was conducted on melt-quenched glasses with the
50BO1.5–35PbO–15PbF2 (BPP15) composition, prepared by using high-
purity raw materials: B2O3 (Suprapur Art.169 Merck), PbO (FO Optipur
Art.7400 Merck) and PbF2 (Optipur Art.7386 Merck), and showing glass
transition and crystallization temperatures of Tg≅258 °C and Tx≅380 °C,
respectively, as was previously reported [3,5]. Crystallization tests and di-
electric measurements were performed on Pt,Ag/BPP15/Ag,Pt-type cells
subjected to different conditions of annealing time and electric ﬁeld
strength (see text), and at temperatures ranging between 150 and
240 °C. In the above cell conﬁguration, Ag refers to the electrodes directly
fabricated out on the glass samples (1.0 to 3.0 mm thick), while Pt repre-
sents thin plate electrodes from the external set-up. Analysis of the
(micro)structural and dielectric evolution of the samples during and/or
after annealing involved consideration of different analysis techniques,
including optical microscopy (Leica MZ12.5), X-ray diffraction (XRD)
(Rigaku-Rotaﬂex RU-200B), electrochemical impedance spectroscopy
(IS) (Solartron SI 1260), in the 1 Hz to 1 MHz frequency range, and
time-domain polarization/depolarization current (Keithley 610C
electrometer). The measured impedance data, Z*(ω)=Z′(ω)−jZ″(ω),
were converted into complex resistivity, ρ*(ω)=ρ′(ω)−j ρ″(ω), consid-
ering the samples’ geometrical factor.
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3. Result and discussion
Fig. 1 illustrates photographic images of BPP15 samples in different
situations. The image in Fig. 1(a) refers to an as-prepared sample, show-
ing a totally transparent appearance, as expected. The image in Fig. 1(b)
concerns a BPP15 sample after electrical treatment at 150 °C with a
direct current (dc) electric ﬁeld of E≅3.8 V/mm, for 48 h. This shows
that sub-Tg crystallization occurred at the sample surface toward the
cathode electrode. The crystalline phase appearing in these glasses has
been identiﬁed through XRD as β-PbF2, while being already established
that crystallization development involves here the following simulta-
neous redox-type electrochemical reactions [4,5]: Pb2++e−➔Pb+,
succeeded by Pb++e−➔Pb0, at the cathode and 2F−➔F2(g)+2e−
at the anode. Nuclei formation at the sample surface most likely arises
from a glass viscosity decrease, toward the cathode side, due to ion re-
duction [6,7]. Accordingly, we recently proposed that presence in such
glasses of surface Pb+ ions should soften the strength of the surround-
ing network bonds, and cause a growth of ﬂoppy-like regions until they
reach the appropriate size for enabling surface nucleation [3]. Of addi-
tional signiﬁcance was achievement in this work of glass crystallization
tests with the electric ﬁeld having its polarity inverted, each of both
major sample surfaces remaining in contact with the cathode electrode
for a given time period of, for instance, 10 h. The observation is that
crystallization occurred at both sample surfaces, as shown in Fig. 1(c).
This result validates the statement according to which activity of the
glass–electrode interfaces, under electric ﬁeld action, is essential for
incidence of this non-spontaneous crystallization.
In terms of frequency-domain dielectric spectroscopy, Fig. 2 shows
several impedance spectra (ρ” versus ρ’) measured on a BPP15 glassy
sample during annealing at 180 °C, with an alternating current (ac)
electric ﬁeld of E≅1.0 V/mm. After collecting, at a given time, the resis-
tivity data shown in Fig. 2(a), the planwas to apply an additional dc bias
of either +5.0 V (giving E≅+5 V/mm) or −5.0 V, for just 1 s, before
each subsequent data record (i.e., without the bias), in the continuous
sequence indicated in Fig. 2(b) to (g). According to the Debye model,
found to be here applicable as a good approximation, occurrence of a
semicircle in Z″ vs. Z′- and, thus, ρ″ versus ρ′-like plots is characteristic
of a parallel resistance–capacitance (Ro–Co) network [8,9], showing an
impedance expression of the type: Z*(ω)=[Ro/(1+ω2τ2)]− j
[ω τ Ro/(1+ω2τ2)], where ω=2πf and τ=RoCo is the relaxation time,
directly linked to the relaxation frequency (frequency at the semicircle
maximum), fo(≡1/2πτ). From the above expression, moreover, one
deduces that the diameter of an impedance (resistivity) semicircle basi-
cally reduces to Ro (ρo).
The data in Fig. 2were all analyzed on the basis of near-Debyemodel
(including the use of constant-phase element [8], fairly reducible here
to the ordinary capacitor), together with the well-established criterion
of capacitance magnitude order for the identiﬁcation of dielectric
responses’ origin in materials [8,9]. Concretely, a semicircle is resolved
in this ﬁgure toward the highest frequencies, and involved Co values
of~10−11 F, being attributable to the response from the glass bulk
[8,9]. Both bulk resistivity and relaxation frequency in Fig. 2(a) to (g)
were found to remain nearly unaffected: ρo≅183.9 kΩ cm and
fo≅133 kHz (⇒ τ≅1.2 μs), respectively. This result is to be expected
in the case of basically unchanged physico-chemical properties of the
glass bulk during annealing. Toward the lowest frequencies, moreover,
a quasi-spike-like resistivity response (incomplete semicircle) is
observed in this ﬁgure, with better resolution in Fig. 2(a), (b), (e) and
(g), merely because of reduced overlapping data. This low-frequency
response involved Co values of ~10-5 F, typical of material–electrode
interface contribution [8,9].
In the following, our attention was focused on the second semicircle
appearing in this ﬁgure toward the intermediate frequencies. The Co
value related to this semicircle showed some variation, but remained
basically in the range of ~10−8 F, and may be ascribed to surface
layer-like effects [8,9]. In dielectric studies of glasses, observation of im-
pedance/resistivity spectra consisting of two [4,10,11] rather than a sin-
gle [4,10,12] semicircles is normally attributed to a partially-crystallized
state of the glasses. This is not here the case, as the experimentwas per-
formed on an as-prepared glassy BPP15 sample, Fig. 2(a), which
showed no detectable sign of crystallization (microscopy and XRD
viewpoints) even after concluding the whole experiment. Note in this
Fig. 2 that the diameter of this semicircle peculiarly varies depending
on the bias polarity. That is, from Fig. 2(a) to (b), the semicircle diame-
ter shows an increase just after application of a bias of +5 V. Subse-
quently, application of a bias of −5 V leads the diameter to initially
decrease, Fig. 2(c), followed, however, by an increase when the same
bias was afterward applied, Fig. 2(d). A similar sequence of changes is
observed in Fig. 2(e) to (g).
These results are an indication that this peculiar semicircle-related
dielectric response comes from dynamic space-charge regions forming
in the material, close to the electrodes. These regions should incorpo-
rate those electrical species expected to participate in the redox
Fig. 1. Photographic images of (a) an as-prepared BPP15 glassy sample, and samples after
annealing at 150 °C with a dc electric ﬁeld of E≅3.8 V/mm (b) applied in one surface
direction for 48 h, and (c) sequentially inverted so as spending 10 h in each of both surface
directions.
Fig. 2. Complex resistivity spectra (ρ″ vs. ρ′) measured, from 1 Hz to 1 MHz, on a BPP15
glass sample at 180 °C, with an ac ﬁeld of E=1.0 V/mm (a) before and (b) to (g) just
after submission of the sample to a constant (dc) bias of +5 V/mm or −5 V/mm, for
1 s, in the continuous sequence indicated in the graph. The dotted lines represent the
impedance curves arising from ﬁtting the experimental data (solid lines) through using
near-Debye relaxation model (see text).
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reactions that ﬁnally cause subsequent BPP15 glasses’ crystallization.
A competition between space-charge formation/enhancement versus
redistribution toward the opposite electrode, according to the bias
polarity, should account for the quantitative variations of this semicir-
cle. Irrespective of this fact, the relaxation frequency linked to this
dielectric response only showed an unimportant dispersion:
fo≅(0.18±0.04)kHz [⇒ τ≅(0.9±0.2)ms] inmost cases. This suggests,
as well, a practically unchanged intrinsic nature of these space-charge
regions, which should be rich in ﬂuoride ions (main charge carriers
found in oxyﬂuoroborate-based glasses) [13] toward the anode, these
species being susceptible to oxidation. Feasibility of this reaction is
charge-compensated by lead reduction at the cathode [4,5], toward
which surface crystallization is ﬁnally induced, as shown in Fig. 1.
In termsof time-domain dielectric spectroscopy, now, Fig. 3 shows the
polarization and depolarization current data recorded at 240 °C on a
BPP15 glassy sample in function of time. The experiment consisted in
measuring the materials’ polarization current under a step voltage of
+1.25 V (giving E≅+0.68 V/mm) for 1 h, Fig. 3(a1), immediately
followed by current record under −1.25 V for also 1 h, Fig. 3(a2), after
which the depolarization current was subsequently measured for 17 h,
Fig. 3(b). Current density is expected to nearly follow (Debye approxima-
tion [14]) expressions of the type: Jp(t)=(E/ρo)+(PS/τ)exp(−t/τ), for
polarization, and Jd(t)=−(PS/τ)exp(−t/τ), for depolarization, where
E is the applied dc electric ﬁeld and PS the steady-state polarization.
Consequently, Jp(0)=(E/ρo)+(PS/τ) and Jp(∞)=E/ρo, while Jd(0)=
−PS/τ and Jd(∞)=0, where E/ρo represents the leakage current in pres-
ence of the dc electric ﬁeld. In Fig. 3, one realizes that the limiting behav-
iors of polarization and depolarization currents toward longer enough
times (t→∞, theoretically) are accordingly well reproduced. With
decreasing time, nevertheless, the polarization current behavior in
Fig. 3(a) appears, at ﬁrst glance, somewhat complex.
Indeed, the curve in Fig. 3(a1) should be interpreted as made up of
two ideally exponential-like decaying current functions. One should
remember that relaxation processes in the time and frequency domains
scale in opposite directions [8,9], and that time-domain bulk dielectric
processes are, in practice, almost instantaneous [14]. Therefore, what
is seen in Fig. 3(a1) is the response from the glass–electrode interfaces
toward longer times, preceded by that ascribed here to the space-
charge regions. When polarity of the electric ﬁeld is changed, Fig. 3
(a2), an initial anomalous-like increase of current is observed, before re-
production, as would be expected, of the data behavior originally seen
in Fig. 3(a1). This short-time increase of current is here associated with
space-charge relocation toward the opposite electrode, preceding charge
relaxation. This reveals but a total consistencywith the frequency-domain
dielectric response, Fig. 2, for which the intermediate-frequency semicir-
cle diameter decreased persistently just after electric ﬁeld polarity inver-
sion, before showing a trend to restoration. The scenario of space-charge
relocation from one to another electrode during this inversion is also
concomitant with crystallization occurrence at ﬁnally both glass surfaces,
as was presented in Fig. 1(c). Finally, the absence of a short-time curve
shoulder in Fig. 3(b) ratiﬁes that these space-charge regions are actually
not synonym of physically-stable-like phase; they are instead an expres-
sion of dynamic electroactive charges contributing to subsequent glass
electrocrystallization, are thermally unstable and, hence, easily destroy-
able after switching off the electric ﬁeld.
4. Conclusions
This work has veriﬁed that, when subjected to the application of an
electric ﬁeld, action of the glass–electrode interfaces is really essential
for occurrence of the electric ﬁeld-induced redox-type electrochemical
reactions responsible for β-PbF2 electrocrystallization in lead oxyﬂuor-
oborate glasses. Moreover, the combination of frequency- and time-
domain dielectric studies allowed concluding that space-charge regions
form toward the electrode interfaces in the stage preceding incidence of
this phenomenon. These space-charge regions reveal to be dynamic in
nature, and are supposed to incorporate those electroactive species
that participate in the electrochemical reactions that induce
crystallization.
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Fig. 3. Time dependence of the (a) polarization and (b) depolarization currentsmeasured
at 240 °C on a BPP15 glass sample. As magniﬁed in the inset of Fig. 4(a), measurement of
the polarization current data involved the application of a dc voltage of (a1) +1.25 V
(giving E≅+0.68 V/mm) for 1 h, immediately followed by (a2) –1.25 V for also 1 h.
In (b), the dotted line represents the current curve arising from ﬁtting the experimental
data (solid line) through using the Debye-like exponential current model (see text).
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